This study was performed to investigate the effects of flux and pre-treatment on the operation performance of a microfiltration drinking water treatment system through a pilot scale operation using lake water as raw water. The pilot plant had a capacity of 500 m 3 /day with a five membrane module and was operated for 1 year to carry out the experiments for the variation of filtration flux, physical cleaning conditions and pre-treatment conditions. Also, an experiment was performed when raw water with high turbidity flowed into the system as well as that pretreated with powdered activated carbon (PAC). When the MF system was operated with filtration flux of 2 m 3 /m 2 day, it could not be operated more than 500 h due to the continuous TMP (Trans-membrane pressure) increase. In case of filtration flux of 1 m 3 /m 2 day, the system could be operated continuously for more than 1300 hours without the increase in the TMP. During this experimentation period, raw water with high turbidity (above 400NTU) was fed into the membrane system. Therefore, the TMP increased by approximately 4.90 kPa compared to the TMP for the previous raw water with lower turbidity. In the case of the PAC pretreated membrane filtration process, the TMP tended to increase slightly. However, the TMP was reduced by performing coagulation and mixing after injecting PAC.
Introduction
The MF system in the drinking water treatment is expected to be remarkably developed as the third solid -liquid separation technology following the slow filtration and rapid filtration systems due to its treatment reliability and maintenance convenience (Moniwa, 2005) . This membrane filtration technology is actively introduced and applied in Korea. The drinking water treatment using a membrane has advantages in that it is highly stable, requires little space, completely removes the substances whose size is greater than the pore size of the membrane regardless of the raw water quality, and is easy to operate automatically (Kim et al., 2003a, b) . However, when applying the membrane separation process to the water treatment process, the membrane type and membrane module need to be considered with great importance (Malleviall et al., 1996) . They may have influence on the efficiency and economic feasibility to a great extent depending on the operation method such as backwashing mode and PAC addition (Jaffrin et al., 1990; Adham et al., 1991) . Therefore, it can be said that the membrane selection and operation suitable for the raw water characteristics are significant factors. From this, when applying the membrane separation process used in foreign countries as it is, effective operation of the membrane separation process cannot be expected due to the difference in the characteristics of raw water and other factors (Ahn et al., 2003) .
This study performed experiments in order to obtain membrane filtration process operation parameters suitable for domestic drinking water treatment by installing and operating a drinking water treatment pilot plant using membrane filtration in an existing drinking water treatment plant; and to accumulate operation experience to take effective measures against the change in raw water quality and plant operation conditions through an independent MF system operation and combined operation with pre-treatment processes.
Materials and methods

Pilot plant
The pilot plant was installed in the 'C' water treatment plant and operated for one year from February 2004 to January 2005. The MF system was manufactured to have the treatment capacity of 500 m 3 /day and a screen (250 mm) was installed as a pre-treatment device to remove miscellaneous foreign materials. In addition, the PAC and coagulant injection systems were installed for combined operation with the membrane filtration process. Figure 1 demonstrates the configuration of processes of the pilot plant.
The experiment was performed with a MF system composed of 5 modules, which was operated in constant flow filtration. The membrane raw water supply pump was controlled using an inverter. For physical cleaning of the membrane system, a backwashing pump and air supply system were installed to allow backwashing using permeate water and air scrubbing. In addition, 5-10 mg/L of sodium hypochlorite was injected during backwash procedure. Table 1 shows the specifications of the membrane module and the operation conditions of the systems used for the experiment.
Turbidity was measured with an automatic online measurement device. The above membrane systems were installed so that the measurement value of flow, pressure, etc. can be transmitted through electrical control / monitoring equipment. In addition, a local control panel using a PLC (Programmable Language Controller) was incorporated for the automatic operation of the pilot plant, which allows remote control and monitoring through the Internet.
Raw water quality
The raw water from the 'C' water treatment plant currently in operation was used for the experiment as it was. The experiment was conducted for the membrane direct filtration and combined process with PAC and the coagulation/flocculation process, respectively. In the case of membrane direct operation, the physical cleaning experiment was performed by fixing the filtration flux to 2 m 3 /m 2 day and changing the backwashing flow rate to 1.5 times and 2 times the filtration flux. The efficiency of air scrubbing was evaluated by performing air scrubbing after backwashing or conducting air scrubbing and backwashing simultaneously. Operation for each case was performed until the TMP reached threshold value (threshold TMP recommended by manufacturer: 147.1 kPa) and the membrane performance was restored through chemical cleaning before changing the operation condition.
In order to perform an experiment for the combined process with the PAC and coagulation/flocculation processes, a PAC of approximately 50 ppm was injected. PACL was used as a coagulant and optimum concentration (15 mg/L) obtained through jar testing was applied for the experiment (Table 2) .
Results and discussion
Experiment for physical cleaning and filtration flux variation Figure 2 , the TMP increased continuously and reached threshold TMP in 522 h since the commencement of experimental operation. During the experiment period the air scrubbing process failed to operate twice due to operation control program error. As shown in Figure 2 , the first failure of the air scrubbing process lasted for a short period of time, during which the TMP increased sharply. However, once the air scrubbing process was operated normally, it was reduced again immediately. However, when the second failure of the air scrubbing process occurred, the TMP increased sharply and reached the threshold TMP and the operation of the MF system was stopped.
In the Run-2 experiment, in order to control the continuous increase of the TMP as in the Run-1 case, the system was operated by increasing the backwashing flow rate, which was 1.5 times the filtration flux in the Run-1 operation, to 2 times the filtration flux. Figure 3 demonstrates the operation result. The result of the Run-2 experiment shows that the TMP increased continuously since the commencement of the operation as in the case of the Run-1 experiment and it began increasing sharply from 240 h after the commencement of the operation. From the observation of the influent raw water state, a large amount of algae was found on the surface of the screen and this meant that the biological load was posed to the membrane system and caused the biofouling to increase TMP more rapidly in Run-2 than in Run-1 (Flemming and Schaule 1998) . Figure 4 displays protoplasts that leached on screen.
It was thought from the Run-1 and Run-2 experiments that it was difficult to directly operate the MF system with no pre-treatment process at filtration flux higher than 2 m 3 /m 2 day for a long period of time. In addition, it was known that the increase in the backwashing flow rate had no great influence on the membrane cleaning. It was known that performing air scrubbing could increase the membrane cleaning effect higher than increasing the backwashing flow rate.
Based on the results of the Run-1 and Run-2 experiments, the Run-3 experiment was performed by decreasing the filtration flux to 1 m 3 /m 2 day and performing backwashing and air scrubbing simultaneously to increase the efficiency of physical cleaning. The MF system was operated with the backwashing flow rate 1.5 times the filtration flux. Figure 5 demonstrates the result of the Run-3 experiment. It was known from the Run-3 experiment result that the MF system could be operated with a filtration flux of 1 m 3 /m 2 day for 1300 h without the increase in the TMP.
Then an experiment was performed by increasing the filtration flux to 1.3 m 3 /m 2 day and the experiment result indicated that TMP increased gradually and if the filtration flux increased, the TMP tended to increase a little and then became stabilized again. Afterwards as the PAC was injected in raw water, the TMP was increased. Therefore, the filtration flux was decreased again to 1 m 3 /m 2 day. After the adjustment of the filtration flux, the TMP decreased to 32.4 kPa. However, it began increasing gradually due to continuous influent of the PAC. As it was thought that the TMP increased due to the occurrence of membrane fouling by powdered carbon when the PAC was fed, coagulant was injected, and then the TMP was stabilized temporarily. However, it sharply increased due to excessive injection of coagulant and inappropriately set mixing intensity.
Direct filtration of mf system with influent of high turbidity raw water Figure 6 demonstrates the change in the TMP when raw water with high turbidity flowed into the MF system. During the period of the Run-3 experiment, high turbidity raw water flowed into the MF system (max. 409NTU) due to rains in the rainy spell in summer and the turbidity was maintained for 15 h at 50NTU. The difference between the TMP before and after the inflow of high turbidity raw water was 4.90 kPa. Afterwards, as the turbidity of raw water decreased, the TMP was stabilized, being reduced to the value before the inflow of high turbidity raw water.
During inflow of raw water with high turbidity into the MF system, it was operated by cross-flow mode (10% circulation at 100NTU, 20% circulation at 200NTU).
However, it was thought from the result of operation with raw water turbidity of 20-50NTU that stable operation would be possible even with dead end filtration.
Combined operation of MF system with PAC and coagulation/mixing systems
In the Run-4 experiment, combined operation of the MF system with the PAC and coagulation/mixing systems was performed and Figure 7 displays the result. The concentration of the PAC (50 mg/L) applied that of the PAC injected, into the MF system. The coagulant was injected into the MF feed tank by applying the concentration (15 mg/L) obtained from jar testing. Experimentation was performed by operating the system with the filtration flux of 1 m 3 /m 2 day and backwashing flow rate of 1.5 m 3 /m 2 day. The result of the Run-4 operation indicated that the TMP increased gradually when only PAC was injected, as shown in Figure 7 . However, when the MF system was operated being combined with coagulation and flocculation systems, the TMP decreased to 39.2 kPa, which is lower than the value prior to PAC injection. In this experiment, the optimum or appropriate amounts of coagulant applied was not considered. It may occur that surplus amount of coagulant can cause suppression of the membrane fouling due to the non-reacted portion of the coagulant attaching to the membrane pore to progress coagulation, resulting in development of pore blocking (Akira, 1998; Kim et al., 2003a, b) . Therefore further investigation on coagulation application should be carried out.
Treated water quality
The result of pilot plant operation indicated that the treated water quality was stable regardless of the raw water quality. Table 3 shows the treated water quality during the operation period. The turbidity was below 0.02 NTU on average, satisfying the standard requirement (0.5 NTU). It was observed from the experiment that in the case of turbidity, the removal ratio was approximately 99% on average, and the removal ratio of organic materials, Fe and Mn was on average 44%, 41% and 40%, respectively.
Conclusions
This study considered the effects of filtration flux and pre-treatment on the operation performance of a membrane system through a pilot scale system operation. It was found from the experiment that many parameters should be considered for a appropriate operation of membrane systems. The following is a summarization of the results obtained from the study.
(1) The filtration performance significantly relied on the filtration flux. The results showed that the continuous filtration time was mitigated to less than a half from 1300 h to 500 h by doubling the flux from 1 m 3 /m 2 day to 2 m 3 /m 2 day. (2) When the physical cleaning was performed, simultaneous backwashing with air scrubbing was recommended compared to backwashing only.
(3) For a stable operation of membrane systems, filtration modes should be considered depending on the raw water turbidity. Dead-end filtration mode could be applied during the raw water turbidity up to 50 NTU. But, cross-flow filtration mode should be preferred when the turbidity of raw water gets as high as hundreds of NTU. (4) When applying powdered activated carbon as pre-treatment, injection of PAC followed by coagulation was effective in the operation of the membrane system. However further investigation on the optimum or appropriate amounts of coagulant applied should be carried out. (5) It was clear that the treated water from the membrane filtration was high quality independent of the fluctuation of raw water quality. And the treated water quality was even better when pre-treatment was applied such as activated carbon and coagulant addition.
